Sener, Alp, and Francine G. Smith. Glomerular and tubular responses to N G -nitro-L-arginine methyl ester are age dependent in conscious lambs. Am J Physiol Regulatory Integrative Comp Physiol 282: R1512-R1520, 2002 10.1152/ ajpregu.00628.2001.-The present experiments were carried out to investigate the role of endogenously produced NO in modulating renal function during postnatal maturation under physiological conditions. In conscious, chronically instrumented lambs aged ϳ1 (n ϭ 8) and ϳ6 wk (n ϭ 8) of postnatal life, various parameters of glomerular and tubular function were measured for 1 h before and 1 h after intravenous injection of 20 mg/kg of N G -nitro-L-arginine methyl ester (L-NAME; experiment 1) or its inactive isomer D-NAME (experiment 2). After administration of L-NAME to 1-wk-old lambs, glomerular filtration rate (GFR) and filtration factor (FF) decreased by ϳ50% at 20 min, remaining decreased at 60 min. In 6-wk-old lambs, GFR and FF remained constant after L-NAME. Proximal fractional Na ϩ reabsorption decreased after L-NAME administration to lambs aged 6 wk, resulting in a prompt natriuresis; this was sustained for 60 min. There were no effects of L-NAME on proximal fractional Na ϩ reabsorption in 1-wk-old lambs. In 6-wk-old lambs, urinary flow rate increased by ϳ500%, free water clearance increased by ϳ50%, and urinary osmolality decreased by ϳ60% after L-NAME administration; no effects on these variables were measured in 1-wk-old lambs. The diuresis after L-NAME administration to 6-wk-old lambs was unaccompanied by any changes in plasma levels of arginine vasopressin. There were no effects of D-NAME on any of the measured variables. We conclude that endogenously produced nitric oxide modulates glomerular and tubular function in an age-dependent manner.
well as cytotoxic effects, and may act as a neurotransmitter in the central nervous system. NO production is regulated by NO synthase (NOS), of which there are three different isoforms: endothelial (eNOS) and neuronal (nNOS) isoforms are constitutive, whereas the third isoform is inducible (iNOS).
In previous studies carried out in conscious, chronically instrumented lambs, we provided evidence that some of the physiological effects of NO produced by the constitutive isoforms of NOS are developmentally regulated (30) (31) (32) . For example, administration of the L-arginine analog, N G -nitro-L-arginine methyl ester (L-NAME), which competitively inhibits both n-and eNOS isoforms, is associated with an increase in mean arterial pressure (MAP) in 1-and 6-wk-old lambs that is similar in both age groups; the concomitant decrease in heart rate (HR) is, however, greater at 1 than at 6 wk of age (31) . Furthermore, by directly assessing the parameters governing the arterial baroreflex control of HR, we have demonstrated that NO normally modulates the HR range over which the arterial baroreflex operates at 1 but not at 6 wk of age in conscious lambs (32) .
We also showed that the ability of the renal vasculature to produce NO for the same stimulus is greater at 1 than at 6 wk of postnatal life in conscious lambs (29) . The role of endogenously produced NO in modulating renal hemodynamics is also greater in lambs aged 1 wk compared with 3-and 6-wk-old lambs (31) . Furthermore, the renal distribution of NOS is also developmentally regulated. For example, Solhaug et al. (35) measured renal nNOS mRNA gene expression in piglets and adult pigs and observed a greater nNOS mRNA in immature compared with mature kidneys. In guinea pigs, Thompson and Weiner (37) found that NOS activity increased during fetal life to reach maximal levels in the newborn kidney, decreasing thereafter. Fischer et al. (11) investigated the postnatal development of nNOS in the kidney of rats and found that it follows a corticomedullary pattern, ranging from single cell expression in the immature nephron to its full presence in the macula densa of nephrons in the mature kidney; the strongest NOS signals were seen in the distal tubule at day 6 and in the afferent arteriole by day 2 of postnatal life (11) . This suggests that NO may play a predominant role in modulating glomerular function during early growth and development, at a time when circulating levels of ANG II are high, renal vascular resistance (RVR) is elevated, and renal perfusion is low. To date, the role of NO in modulating renal function under physiological conditions during postnatal maturation has not been investigated.
Therefore, the objective of the present experiments was to investigate the role of endogenously produced NO in modulating glomerular and tubular function during postnatal maturation under physiological conditions. To this end, the effects of L-NAME, as well as its inactive isomer D-NAME, on various parameters of glomerular and tubular function were measured in conscious, chronically instrumented lambs aged 1 and 6 wk. To provide us with information regarding secondary or indirect effects of L-NAME, cardiovascular and endocrine responses were also measured.
METHODS
Experiments were performed in two groups of conscious, chronically instrumented sheep aged 1 wk (8 Ϯ 1 days; 6.3 Ϯ 0.4 kg body wt; n ϭ 8) and 6 wk (40 Ϯ 2 days; 11.6 Ϯ 1.5 kg body wt; n ϭ 8) at the time of study. Lambs were obtained from a local source (AndLyn Ranch, Alberta, Canada) and housed with their mothers in individual pens in the vivarium of the Health Sciences Centre of the University of Calgary, except during training, surgery, and experiments. All surgical and experimental procedures were carried out in accordance with the "Guide to the Care and Use of Experimental Animals" provided by the Canadian Council on Animal Care and with the approval of the Animal Care Committee of the University of Calgary.
Surgical procedures. Surgery was performed on lambs aged 2-5 days (for experiments at ϳ1 wk) and 35-38 days (for experiments at ϳ6 wk) using aseptic techniques as previously described (29, 30) . Anesthesia was induced with a mask and halothane (3-4%) in oxygen, the trachea was intubated, and anesthesia was maintained by ventilating the lungs with halothane (0.5-1%) in a mixture of nitrous oxide and oxygen (3:2).
Catheters were inserted into left and right femoral veins and arteries (PE-160, Intramedic), advanced to the inferior vena cava and abdominal aorta for later intravenous infusions, arterial sampling, and pressure measurements, and tunneled subcutaneously to exit the lamb on right and left flanks. By means of an abdominal midline incision, the bladder was then exposed, and a catheter was inserted directly across the bladder wall using a specially adapted feeding tube (8 Fr, Medi-Craft) for continuous collection of urine and measurement of urinary flow rate during experiments. Through a right flank incision, the right renal artery was carefully dissected free of tissue, and a precalibrated ultrasonic flow transducer was placed around the renal artery (3-4S, Transonics Systems, Ithaca, NY) as previously described (29, 30) for measurement of renal blood flow (RBF). Upon closure of incisions, all catheters and the flow transducer cable were secured in a body jacket (Lomir, Montreal, Canada) for safe storage between experiments. Antibiotics (5.0 mg/kg enrofloxacin, Baytril) were administered intramuscularly at surgery and at 12-h intervals thereafter for 48 h. Lambs were allowed to recover from surgery in a critical care unit for small animals (Shor-line, Schroer Manufacturing), with adjustable oxygen supply. All lambs were able to stand within 60 min of completion of surgery, at which time they were returned to the vivarium. Experiments were not begun until at least 3 days had elapsed after the day of surgery. During this period, animals were trained to rest comfortably in a supportive sling in the laboratory environment.
Experimental procedures. Two experiments were carried out in each animal at intervals of 24-48 h and in random order. On the day of an experiment, each lamb was removed from the vivarium and placed in a supportive sling in the laboratory environment for at least 60 min. During this time, the bladder was allowed to drain. A priming dose of [
14 C]inulin (0.5 Ci/kg) in dextrose was injected intravenously followed by constant intravenous infusion at 0.25
for later measurement of glomerular filtration rate (GFR). An intravenous infusion of 5% dextrose in 0.9% sodium chloride was started at a rate of 4.17 ml ⅐ kg Ϫ1 ⅐ h Ϫ1 and continued for the duration of the experiment to assist in maintaining fluid balance. Lithium chloride was injected intravenously as a bolus of 200 mol/kg for later determination of proximal tubular Na ϩ reabsorption, according to the methods described by Thomsen et al. (39) and Values are means Ϯ SD. MAP, Mean arterial pressure; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; MVP, mean venous pressure; HR, heart rate; RVR, renal vascular resistance; and RBF, renal blood flow; measured before (Control) and for 60 minute after infravenous administration of L-NAME to conscious lambs. * P Ͻ 0.05 compared with Control; † P Ͻ 0.05 compared with 1-wk-old lambs.
Lumbers et al. (23) . Arterial and venous catheters were connected to pressure transducers (Statham, P23Db, West Warwick, RI) for measurement of arterial and venous pressures; the flow transducer cable was connected to a flow meter (Transonics Systems) for measurement of RBF. Pressures and RBF were recorded continuously onto a polygraph (Grass Instruments, model 7, West Warwick, RI) and simultaneously to an IBM personal computer at 200 Hz using the data-acquisition and analysis software CVSOFT (Odessa Systems, Calgary, Alberta, Canada).
Each experiment consisted of continuous collection of urine for 1 h before (Control, 3 ϫ 20 min) and 1 h after (3 ϫ 20 min) intravenous injection of 20 mg/kg of L-NAME (experiment 1) or its inactive isomer (D-NAME, experiment 2). Drugs were diluted from a stock solution of 1,000 mg/kg dissolved in prewarmed sterile water for injection; both drugs were administered in the same volume. The dose of L-NAME was determined previously as that which significantly attenuated intrarenal NOS for a minimum of 60 min in both age groups of lambs, as assessed by measuring the renal vasodilatory response to intra-arterial injection of 1 g/kg of ACh (31) . At the end of each urinary collection period, urine volume was recorded and samples were stored at Ϫ70°C for later determination of urinary electrolytes (Na ϩ , K ϩ , Li ϩ ) and urinary osmolality. Arterial blood (2.5 ml) was also removed at the end of each urinary collection period for immediate measurement of Hct. The remaining blood was centrifuged, and supernatant was removed and stored at Ϫ70°C for later determination of plasma electrolytes (Na ϩ , K ϩ , Li ϩ ) and plasma osmolality. Additional blood (12 ml) was removed at 30 min during control measurements and 20 and 60 min after administration of L-NAME or D-NAME for later measurement of plasma renin activity (PRA) and plasma levels of arginine vasopressin (AVP) and endothelin-1 (ET-1). Removed blood was replaced with previously harvested maternal blood to avoid any hemodynamic effects of sampling.
At the end of the first experiment, lambs were returned to the vivarium where they were housed with their mothers until the second experiment 24 to 48 h later. At the end of the second experiment, lambs were administered a lethal dose of pentobarbital sodium and on postmortem examination, placement of catheters was verified, and the zero offset of the flow transducer was determined; right and left kidneys were removed and immediately weighed.
Analytic procedures. Urinary and plasma [ 14 C]inulin levels were measured immediately after each experiment by liquid scintillation (Wallace 1410, Turku, Finland). Urine and plasma samples were later thawed to room temperature, and urinary and plasma electrolytes (Na ϩ , K ϩ , Li ϩ ) and osmolalities were measured using a flame photometer (IL-943, Lexington, MA), and micro-osmometer (Advanced Instruments model 3MO, Needham Heights, MA), respectively. Hematocrit (Hct) was determined in duplicate using a microhematocrit centrifuge (Clay Adams, Parsippany, NJ) and careful measurements using calipers and the methods of Brace (7). PRA and plasma levels of AVP and ET-1 were later determined on thawed plasma samples using standard radioimmunoassay procedures (15, 28, 33) .
Computations. GFR was calculated as the clearance of [ 14 C]inulin. Fractional reabsorption (FR) of electrolytes (x) was determined as the ratio of electrolyte clearance (Cx) to Fig. 1 . Effects of N G -nitro-L-arginine methyl ester (L-NAME) on glomerular filtration rate (GFR; A), renal plasma flow (RPF; B), and filtration fraction (FF; C) in conscious lambs measured before (Control, C) and for 60 min after intravenous administration of L-NAME to lambs aged 1 wk (open bars) and 6 wk (solid bars). * P Ͻ 0.05 compared with C; † P Ͻ 0.05 compared with 1-wk-old lambs. (38) . To avoid these limitations, plasma Li ϩ levels were kept Ͻ0.3 mmol/l and all animals were administered a continuous intravenous infusion of 5% dextrose in 0.9% sodium chloride throughout the study. Free water clearance (C H 2 O) was calculated as the difference between urinary flow rate (V) and osmolar clearance. Filtration fraction (FF) was determined as GFR/RPF, where RPF (ml/min) ϭ [1Ϫ(RBFϫHct)]. The transtubular K ϩ gradient (TTKG) was calculated as UKϩ/PKϩ/(UOsm/POsm).
HR was determined from the systolic peak of the arterial pressure waveform using CVSOFT. One-minute files were extracted for all cardiovascular variables using CVSOFT. RVR was calculated as (MAPϪMVP)/RBF, where MVP is mean venous pressure. Cardiovascular variables were averaged over consecutive 20-min intervals using a spreadsheet (Excel, Microsoft Office).
Statistical analyses. Because values obtained during the three consecutive control 20-min periods were similar, these were averaged to one value (Control). Changes from Control were evaluated using SPSS for Windows (version 10.0) and ANOVA procedures for repeated measures over time, factors being age (1 wk, 6 wk) and drug (L-NAME, D-NAME). Where the F value was significant, a Newman-Keuls multiple comparison procedure was applied to determine where the significant difference(s) occurred. Significance was accepted at the 95% confidence interval. All values in the text, including data in Figs. 1-4 and Tables 1-4 are presented as means Ϯ SD.
RESULTS
Cardiovascular effects of L-NAME. Baseline mean and DAP, MVP, and RBF were higher in 6-than 1-wk-old lambs; HR and RVR were lower in 6-than 1-wk-old lambs (Table 1) .
There was an increase in MAP 20 min after L-NAME administration (P Ͻ 0.001) that was similar in both age groups (P Ͼ 0.05; Table 1 ) and resulted from changes in both systolic arterial pressure and diastolic arterial pressure in both age groups (Table 1) . Mean venous pressure remained unaltered after L-NAME administration in both age groups of lambs. HR decreased within 20 min of L-NAME administration in both age groups (P Ͻ 0.001) and remained below control levels at 60 min; this decrease in HR was greater in 1-than in 6-wk-old lambs (P Ͻ 0.001; Table 1 ). RVR increased within 20 min of L-NAME administration to both age groups (P Ͻ 0.001) and was accompanied by a decrease in RBF (P Ͻ 0.001). Both the increase in RVR and the accompanying decrease in RBF after L-NAME administration were greater in lambs aged 1 wk compared with 6 wk (P Ͻ 0.001; Table 1 ) and were sustained for at least 60 min at 1 wk but not 6 wk (Table 1) .
Renal effects of L-NAME. Baseline RPF, GFR, U Na V, and U K V were lower in lambs aged 1 wk compared with lambs aged 6 wk ( Table 2) .
GFR and FF decreased by ϳ50% within 20 min of L-NAME administration to 1-wk-old lambs (P Ͻ 0.001) and remained below control levels for at least 60 min (Fig. 1) . GFR and FF remained constant after L-NAME administration to 6-wk-old lambs (Fig. 1 ). There were no significant effects of L-NAME on RPF at 1 or 6 wk of age (Fig. 1) .
In 6-wk-old lambs, fractional Na ϩ reabsorption decreased within 20 min of L-NAME administration (Table 3); this resulted from a decrease in proximal fractional Na ϩ reabsorption at 20 min from 80.8 Ϯ 4.4 to 60.9 Ϯ 12.0% as well as an increase in distal fractional Na ϩ reabsorption from 19.0 Ϯ 4.2 to 35.7 Ϯ 11.0%. In 1-wk-old lambs, there were no significant effects of L-NAME on fractional Na ϩ reabsorption, and proximal and distal Na ϩ reabsorptions remained constant at 61.2 Ϯ 12.4 and 36.0 Ϯ 11.4%, respectively. Fractional K ϩ reabsorption also decreased in 6-wk-old lambs, but not 1-wk-old lambs (Table 3) . Age-dependent effects of L-NAME were also evident in Na ϩ and K ϩ clearances (Table 3 ). In addition, within 20 min of L-NAME administration, there was an increase in the urinary Na ϩ -to-K ϩ ratio and the TTKG in lambs aged 6 wk but not 1 wk (Table 3) ; these effects were sustained for 60 min.
There were no significant effects of L-NAME on urinary flow or Na ϩ or K ϩ excretion rates in lambs aged 1 Values are means Ϯ SD. sodium and potassium clearances (CNa, CK) and tubular fractional reabsorptions (FRNa, FRK), urinary sodium to urinary potassium ratio (UNa:UK), and the trans-tubular potassium gradient (TTKG) measured before (Control) and for 60 min after intravenous administration of L-NAME to conscious lambs. * P Ͻ 0.05 compared with Control; † P Ͻ 0.05 compared with 1-wk-old lambs.
wk despite a marked and sustained diuresis, natriuresis, and kaliuresis in 6-wk-old lambs (Fig. 2 ). There were also no significant effects of L-NAME on C H 2 O or U Osm in lambs aged 1 wk. In 6-wk-old lambs, there was an increase in C H 2 O by 40 min and a further increase at 60 min (Fig. 3) . U Osm decreased within 20 min of L-NAME administration and remained decreased at 60 min (Fig. 3) .
Effects of L-NAME on plasma and whole blood measurements. Effects of L-NAME on plasma Na ϩ and K ϩ levels, plasma osmolality, and Hct are shown in Table 4 . In both groups of lambs, PRA decreased 20 min after L-NAME and remained below control levels at 60 min (Fig. 4) , whereas plasma levels of AVP and ET-1 remained constant after L-NAME administration (Fig. 4) .
Physiological effects of D-NAME. D-NAME had no effects on any of the measured or calculated variables in either age group of lambs.
DISCUSSION
The present experiments were carried out to investigate the renal effects of endogenously produced NO during postnatal maturation by measuring glomerular and tubular responses to L-NAME in conscious lambs age 1-and 6 wk of life. Novel findings of our studies are as follows: L-NAME administration was associated with 1) a ϳ50% decrease in GFR and FF in 1-but not 6-wk-old lambs, 2) a decrease in proximal Na ϩ reabsorption and total fractional Na ϩ and K ϩ reabsorption leading to a natriuresis and kaliuresis in 6-but not 1-wk-old lambs, 3) a diuresis accompanied by an increase in C H 2 O and a decrease in U Osm at 6 wk but not 1 wk. These data provide new evidence that the glomerular and tubular effects of endogenously produced NO are developmentally regulated under physiological conditions.
We also previously reported age-dependent effects of L-NAME on HR (31). These observations were also confirmed in the present study and can be explained by our recent findings that NO modulates the arterial baroreflex control of HR in an age-dependent manner (32) . We also recently measured (30, 31) dose-dependent effects of endogenously produced NO on RVR and demonstrated that NO modulates RVR under physiological conditions in young lambs. In response to administration of L-NAME, there was a pronounced increase in RVR in lambs aged 1, 3, and 6 wk of age, although the magnitude of this effect was greatest at 1 wk compared with 3 and 6 wk (31). These findings provided evidence that the role of NO in modulating renal vascular tone under physiological conditions predominates early in life. This age-dependent effect of L-NAME on RVR was confirmed in the present study and confirms previous observations in anesthetized newborn animals (34) . In addition, we previously demonstrated age-dependent effects on renal vascular tone of intra-arterial administration of ACh (29), a muscarinic agonist known to elicit a vasodilation by producing NO. For example, we observed a greater renal vasodilation in newborns than in older lambs after ACh administration; this held true for all doses of ACh tested (29) . Furthermore, Török and Gerova (40) measured the dose-dependent relaxation to ACh of aortic rings obtained from fetal, newborn, and adult dogs and observed an age-dependent decrease in endothelium- Fig. 2 . Effects of L-NAME on urinary flow rate (V; A), Na ϩ excretion (UNaV; B), and K ϩ excretion (UKV; C) in conscious lambs measured before (C) and for 60 min after intravenous administration of L-NAME to lambs aged 1 wk (E) and 6 wk (F). * P Ͻ 0.05 compared with C; † P Ͻ 0.05 compared with 1-wk-old lambs. dependent relaxation. Taken together, these studies provide evidence that under normal physiological conditions, the capacity of the newborn vasculature to release NO for a given stimulus is also greater than that seen later in life. To the current literature, the present findings provide new information that the renal effects of endogenously produced NO are developmentally regulated, with greatest effects on GFR observed soon after birth and greatest effects on tubular function observed later in life.
Some renal effects of NO were previously investigated in newborn animals. In two different studies, Ballèvre et al. (2, 3) administered L-NAME intravenously to pentobarbital sodium-anesthetized and mechanically ventilated newborn rabbits and reported little change in GFR, urinary flow, and Na ϩ excretion rates. Morikawa et al. (24) studied the effects of intravenous N -nitro-L-arginine (L-NNA) in diethyl etheranesthetized and mechanically ventilated newborn piglets and reported a decrease in both medullary and cortical blood flows during L-NNA infusion, providing evidence that NO plays a role in intrarenal blood flow distribution early in life. Solhaug et al. (36) measured dose-dependent effects of intrarenal infusion of L-NAME in pentobarbital sodium-anesthetized and mechanically ventilated 3-wk-old piglets as well as adult pigs. They reported a decrease in GFR of 40-50% in both age groups at the highest dose tested; no other parameters of renal function were reported. These previous observations appear to contradict our current findings of significant age-dependent differences in the glomerular and tubular responses to L-NAME in conscious young sheep. Although species differences cannot be ruled out at this time, data obtained from the above-mentioned studies should be interpreted with caution for the following reasons. First, animals were studied acutely under anesthesia and after surgery, which significantly alters newborn renal function (1). Second, renal effects of NO are altered during elevations of ANG II that would result from the effects of surgery and anesthesia (9) . Third, Losonczy et al. (22) reported that acute, nonsterile surgery in anesthetized rats induces the expression of iNOS, leading to local production of NO even in the presence of L-NAME. Therefore, the present study in conscious lambs trained to the laboratory environment and resting quietly during experiments provides new information regarding physiological effects of NO during postnatal maturation.
In adult animals, it is well known that NO modulates glomerular ultrafiltration (19) and plays an important role in tubuloglomerular feedback (42) . In the present study in conscious 1-wk-old lambs, we observed a decrease in GFR by ϳ50% in the presence of L-NAME, whereas there was no effect on GFR in older animals. This occurred in the presence of a similar increase in MAP in both age groups and an increase in RVR in both age groups, albeit a greater increase in RVR at 1 wk. Because NO relaxes glomerular mesangial cells from adult rat kidneys in vitro (27) , the observed decrease in GFR in 1-but not 6-wk-old lambs could result from an age-dependent effect of NO production from glomerular mesangial cells, thereby suggesting age-dependent effects of NO in modulating the Fig. 3 . Effects of L-NAME on free water clearance (CH 2 O; A) and urinary osmolality (UOsm; B) in conscious lambs measured before (C) and for 60 min after intravenous administration of L-NAME to lambs aged 1 wk (E) and 6 wk (F). * P Ͻ 0.05 compared with C. Values are mean Ϯ SD. Plasma concentrations of sodium (PNa) and potassium (PK), plasma osmolality (POsm) and hematocrit (Hct) measured before (Control) and for 60 min after intravenous administration of L-NAME. * P Ͻ 0.05 compared with Control. † P Ͻ 0.05 compared with 1-wk-old lambs. filtration coefficient. An alternative explanation is that there is an age-dependent effect of endogenously produced NO on net filtration pressure through its vasodilatory effects on afferent arteriolar tone. This premise is supported by an age-dependent distribution of renal nNOS mRNA gene expression and localization (11, 35, 37) . Furthermore, Kullaprawithaya et al. (21) , using elegant laser capture microdissection techniques, recently reported that macula densa nNOS mRNA gene expression is greater in newborn piglets than older pigs. Taken together, our observations of age-dependent effects of L-NAME on GFR support a greater localization of NOS to regions close to afferent arterioles and/or mesangial cells early in life, although NOS measurements in the developing ovine kidney are necessary to confirm this postulate.
In the present study, after administration of L-NAME to 6-wk-old lambs, and hence removal of endogenously produced NO, we observed a decrease in proximal fractional Na ϩ reabsorption, leading to a natriuresis. Similar to our observations in 6-wk-old lambs, systemic NO synthesis inhibition results in a natriuresis when administered to adult rats (4-6, 8, 17) . This natriuresis appears to be attenuated or abolished in the absence of renal sympathetic nerves (4, 18, 19) . It is, therefore, possible that the age-dependent natriuretic effects of L-NAME in conscious lambs in the present study result, at least in part, from differences in the effects of endogenously produced NO in modulating basal renal sympathetic nerve activity. This premise warrants further investigation.
After L-NAME administration, we observed no changes in plasma AVP levels similar to recent observations in conscious water-loaded dogs (26) . Despite this, in 6-wk-old lambs, urinary flow rate increased by ϳ500%, and urinary osmolality decreased by ϳ60% within 20 min of L-NAME administration and in the absence of any changes in GFR. Moreover, the timing of this early diuretic response to L-NAME in 6-wk-old lambs preceded any significant changes in C H 2 O . It is possible that NO plays a permissive role in AVPinduced water permeability in principal cells of the cortical collecting ducts (CCD) in 6-wk-old lambs. In fact, immunoreactivity to nNOS is present in principal cells but not intercalated cells of CCD cells of adult rat kidneys. In contrast, in vitro studies carried out in isolated perfused rat CCD (12, 13) showed that NO decreases AVP-stimulated water permeability. It is possible that the discrepancy between our observations from the whole animal and those from isolated perfused CCD reflects differences between in vivo and in vitro actions of NO on AVP-stimulated water transport. These present findings have not, however, been reported in other mammals, so species differences cannot be ruled out at this time.
Studies by Kramer et al. (20) carried out in primary cultures of mouse juxtaglomerular cells showed a stimulatory effect of NO on renin secretion that is slow acting, calcium dependent, and independent of cGMP or cAMP activity. The decrease in PRA after removal of endogenously produced NO to conscious lambs in vivo in the present study is in keeping with these in vitro findings and confirms previous in vivo observations in conscious adult rabbits (14) . Although the inhibitory effects on renin secretion of an increase in renal perfusion pressure after L-NAME administration cannot be ruled out at this time, it is possible to conclude that age-dependent glomerular and tubular responses to L-NAME do not result from secondary age-dependent effects of circulating levels of angiotensin II.
Perrella et al. (25) measured a small but significant increase in ET-1 levels from ϳ8 to 10 pg/ml during NO synthesis inhibition in pentobarbital sodium-anesthetized dogs. There was, however, no effect of circulating levels of ET-1 in the present study in conscious lambs Fig. 4 . Effects of L-NAME on plasma renin activity (PRA; A) and plasma levels of endothelin-1 (ET-1; B) and arginine vasopressin (AVP; C) in conscious lambs measured before (C) and at 20 and 60 min after intravenous administration of L-NAME to lambs aged 1 wk (open bars) and 6 wk (solid bars). * P Ͻ 0.05 compared with C; † P Ͻ 0.05 compared with 1-wk-old lambs.
and in a previous study in conscious water-loaded dogs (26) . From this we can conclude that the age-dependent renal responses to L-NAME cannot be attributed to any secondary age-dependent differences in circulating levels of ET-1.
In conclusion, endogenously produced NO modulates glomerular filtration soon after birth, with little effect on tubular function. Later in development, the role of NO in modulating tubular water and electrolyte reabsorption predominates. These age-dependent renal effects of endogenously produced NO cannot be attributed to secondary effects on renal perfusion pressure or plasma levels of ANG II, ET-1, or AVP.
Perspectives
In human infants, endogenous NO production (assessed by urinary NO x Ϫ excretion rate) is higher than that of older children or adults (16, 41) and increases significantly during the first week of postnatal life. This suggests that the intrarenal NO system is activated at birth, perhaps contributing to the adaptation of the kidney to postnatal life (10) . Urinary NO x Ϫ excretion rates are further elevated in preterm infants (41) , remaining elevated for at least 4 mo compared with term infants. This suggests that NO may also influence the adaptation of the preterm kidney to postnatal life. The present data enhance our understanding of the role of endogenously produced NO in modulating kidney function during postnatal maturation and may help to explain the activation of the intrarenal NOS system at birth. The observation of very specific effects of L-NAME on glomerular function soon after birth and tubular function later in life is intriguing and implicates a hitherto unreported age-dependent role for NO in modifying glomerular and tubular function during postnatal maturation. These data are in keeping with an age-dependent localization of NOS expression to regions close to the glomerulus early during development (11, 21, 35, 37) ; this would permit NO to promote GFR in the presence of a high RVR and elevated circulating levels of ANG II. As maturation proceeds, NOS expression appears to change to more distal nephron structures that would allow NO to influence tubular Na ϩ and water handling at the time in development when RVR has decreased and glomerular perfusion pressure has increased. Additional studies are necessary to evaluate NOS expression in the ovine kidney during ontogeny to consolidate our physiological findings. 
